K+ depolarization or addition of glutamate to a synaptoneurosome preparation triggers a rapid increase in size of polyribosomal aggregates isolated by centrifugation of lysate through 1 M sucrose. The profre of response to the glutamate analogues quisqualate, ibotenate, and 1-aminocyclopentane-1,3-dicarboxylate corresponds to that of metabotropic receptors. Glutamate stimulation is mimicked by the diacylglycerol analogue 1-oleoyl-2-acetylglycerol and by the protein kinase C activator phorbol dibutyrate. The phospholipase blockers 2-nitro-4-carboxyphenyl-N,N-diphenylcarbamate and quinacrine reduce the late phase of the response. The protein kinase C inhibitor calphostin C suppresses the response to 1-aminocyclopentane-1,3 -dicarboxylate. These data indicate that glutamatergic synapses upregulate postsynaptic protein synthesis via metabotropic glutamate receptors coupled to the phosphatidylinositol second-messenger system. This mechanism could underlie the reported involvement of metabotropic glutamate receptors in long-term potentiation and other forms of neural plasticity.
The neurotransmitter glutamate exerts stimulatory effects on both ionotropic receptors, which activate ion channels, and metabotropic receptors, which exert their effects via second messengers (1) (2) (3) . Several metabotropic receptors have been cloned (4, 5) and a role for these receptors in neuronal plasticity has been suggested, particularly in view of their predominance in early development (6) (7) (8) (9) ; for example, the excitatory amino acid-stimulated phosphatidylinositol hydrolysis mediated by metabotropic glutamate receptors (mGluR) peaks in kitten striate cortex at the same time as sensitivity to visual deprivation (10) . In a similar vein, at least some forms of long-term potentiation have recently been linked to mGluR (11) (12) (13) (14) .
The synaptoneurosome suspension, shown by Verhage et al. (15) to retain metabolic integrity and the ability to release neurotransmitters for up to 4 hr makes it possible to sample the preparation repeatedly at intervals after stimulation. We reported (16) 
MATERIALS AND METHODS
Materials. BAPTA and calphostin C were obtained from Calbiochem. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 1-aminocyclopentane-1,3-dicarboxylate (ACPD) were from Tocris Neuramin. The 1S,3R and 1R,3S isomers of ACPD were a gift of Darryle D. Schoepp (Eli Lilly). All other reagents were from Sigma.
Synaptoneurosomes. Synaptoneurosomes were prepared as described (16) . Briefly, the occipital-parietal cortex ofgroups of eight Long Evans rats (14) (15) (16) (17) (18) (19) Proc. Natl. Acad. Sci. USA 90 (1993) 7169 RESULTS When treated with either 40 mM K+ or 1 ,uM glutamate, a portion of the RNA within synaptoneurosomes aggregated rapidly into polyribosomes, with a time course illustrated in Fig. 1 . In untreated controls, polyribosomal RNA constituted roughly 20% of total RNA. There was a slight gradual increase in the polyribosomal fraction in the untreated suspension over the 20-to 30-min period of sampling; this was <10%io of the t = 0 value (16) . The addition of chelators such as 5 mM EGTA or 40 uM BAPTA to the medium, although it lowered the basal level of polyribosomal loading, did not diminish the relative response to K+ depolarization (16) . The response seemed to be biphasic; after the initial rapid increase at 1-2 min, there was often a pronounced decrease at 5 min and second peak at =10 min. The glutamate analogue NMDA, which activates Ca2+ channels, did not call forth the same response. We investigated a series of specific mGluR agonists; the data are summarized in Table 1 .
Polyribosomal aggregation was effectively triggered by the selective mGluR agonist ACPD (17) ; the 1S,3R isomer was effective, but not the 1R,3S isomer; this difference has been shown to be diagnostic for the mGluR (18) . Glutamate, quisqualate, and ibotenate were all effective at 10 ,uM. NMDA was not effective at 10 ,uM; at 1 mM it also slightly increased ribosomal aggregation. This pharmacological profile closely matches that described for mGluR (reviewed in ref. 9 ).
Antagonists of ionotropic receptors were next tested (Table 1). We found that the competitive NMDA receptor antagonist APV was ineffective in blocking the polyribosomal aggregation triggered by glutamate stimulation (Fig. 2) , again suggesting that entry of external Ca2+ was not necessary.
The glutamate analogue quisqualate has been shown to be active at both ionotropic and metabotropic glutamate receptors, but only the ionotropic receptor is affected by the antagonist CNQX (19, 20) . Since the response induced by 10 ,uM quisqualate was not affected by 10 ,uM CNQX, it is the investigated the effects of two phospholipase blockers on the time course of polyribosomal aggregation. NCDC (23) and quinacrine (24) showed a very slight effect on the initial (1-2 min) peak but more pronounced suppression at 5 min and later (Table 1 and Fig. 3 ; for K+ vs. NCDC, F1,32 = 6.00, P < 0.05; for K+ vs. quinacrine, F1,53 = 14.55, P < 0.01). The difference between early and late effects, which we observed with both blockers, suggests (as does the biphasic nature of the response) that more than one process may be involved.
To mimic the effects of phosphatidylinositol hydrolysis without the involvement of glutamate itself, we administered 1-oleoyl-2-acetylglycerol, a cell-permeant analogue of diacylglycerol (25) which stimulates protein kinase C. The strong aggregation response of polyribosomes and mRNA to this stimulation, parallel to the biphasic response to glutamate in the same experiments (Fig. 4) , suggests strongly that protein kinase C, which has been implicated in plastic synaptic change (26) , is probably one of the enzymes involved in Glu and OAG 2 min > 0 min, P < 0.0001, n = 5. signaling this process. We also tested 4,-phorbol 12,13- dibutyrate, an activator of protein kinase C at the diacylglycerol binding site. Polyribosomal aggregation increased rapidly in response to 1 ,uM 4,B-phorbol 12,13-dibutyrate, with a markedly biphasic time course, peaking at 1 min and 5 min (Fig. 5 ).
To block protein kinase C, we employed calphostin C, a highly specific inhibitor which interacts with the regulatory domain (27) . The greatest effect, >80% inhibition by 2 IAM calphostin, was seen against the selective metabotropic receptor agonist ACPD ( Fig. 6 ; F1,30 = 11.50, P < 0.01). The response to 10 ,uM ibotenate and glutamate was reduced by about half (Table 1; for ibotenate, F1,18 = 13.21, P < 0.01; for glutamate, F1,18 = 8.25, P < 0.05). Thus, when only the mGluR were stimulated, as was the case with ACPD, a protein kinase blocker almost completely suppressed the polyribosomal aggregation. Within the same experiments, however, calphostin did not block the polyribosomal aggregation triggered by 40 mM K+, suggesting that more than one activation system may be triggered by K+ depolarization. DISCUSSION Postsynaptic polyribosomal aggregates have been postulated to be associated with synaptic plasticity (28, 29) , and protein synthesis has been implicated in many plastic neural processes (30) (31) (32) (33) . If protein synthesis is involved in synaptic plasticity, then the need for initiation of plastic change at specific synaptic nodes in the neural network demands lo- Proc. Natl. Acad Sci. USA 90 (1993) calized control. This could be provided by activity-dependent protein translation on postsynaptic polyribosomal aggregates.
To observe the rapid change in polyribosomal loading, we have taken serial samples from a suspension of synaptoneurosomes. It should be emphasized that synaptoneurosome preparations, which have proven useful in a multitude of investigations of neurotransmitter effects, are always a mixture of different subcellular particles (excluding cell nuclei). Thus glial or other small neuronal fragments are always present and might contribute to the phenomenon we describe. The facts that they are responsive to depolarization by K+ and respond specifically to metabotropic glutamate analogues, however, suggest that synaptosomes are, at the very least, the major responsive component in our system. There is considerable variation between experiments, which we have not been able to eliminate. For this reason we have compared effects produced by agonists and antagonists with standard positive responses only within the same experiments. Thus, values for the standard response to glutamate, for example, in a given group ofthree to five experiments, may differ from the mean of all experiments pooled for Table 1 .
We have previously shown that depolarization of synaptoneurosomes leads to the loading of ribosomes onto mRNA so as to form polyribosomal aggregates (16 (9) . Interference with phospholipid hydrolysis, by phospholipase blockers, markedly reduced the polyribosomal response. The later phase of the response was more sensitive to this inhibition, suggesting that multiple processes were operating.
Our data suggest that phosphatidylinositol hydrolysis, by activation of protein kinase C via diacylglycerol production, might lead to rapid phosphorylation of some factors controlling protein synthesis, since both a diacylglycerol analogue, 1-oleoyl-2-acetylglycerol, and a protein kinase C activator, 4f-phorbol 12,13-dibutyrate, effectively mimic activation by glutamate. This is not to ignore the role played by increased intracellular Ca2+ (34, 35) , as it participates in activation of protein kinase C and calmodulin-regulated kinases (36) . In the case ofactivation by the exclusively metabotropic agonist ACPD, we were able to suppress the response entirely with calphostin C, a protein kinase C blocker. This did not greatly reduce the response to K+ depolarization, however, suggesting that more than one process was in operation. We propose that mGluR-induced hydrolysis of membrane phospholipids activates a second-messenger pathway which interacts with ion channel-generated events in regulating local translation of proteins near synapses. 
